SUMMARY
Early development is governed by the ability of pluripotent cells to retain the full range of developmental potential and respond accurately to developmental cues. This property is achieved in large part by the temporal and contextual regulation of gene expression by enhancers. Here, we evaluated regulation of enhancer activity during differentiation of embryonic stem to epiblast cells and uncovered the forkhead transcription factor FOXD3 as a major regulator of the developmental potential of both pluripotent states. FOXD3 bound to distinct sites in the two cell types priming enhancers through a dualfunctional mechanism. It recruited the SWI/SNF chromatin remodeling complex ATPase BRG1 to promote nucleosome removal while concurrently inhibiting maximal activation of the same enhancers by recruiting histone deacetylases1/2. Thus, FOXD3 prepares cognate genes for future maximal expression by establishing and simultaneously repressing enhancer activity. Through switching of target sites, FOXD3 modulates the developmental potential of pluripotent cells as they differentiate.
INTRODUCTION
One of the most extraordinary and rapid sequences of cell fate transitions occurs prior to gastrulation. In mammals, these transitions include the establishment of the pluripotent populations of the inner cell mass, the early epiblast, and the late epiblast (Arnold and Robertson, 2009; Rossant and Tam, 2009; Snow, 1977) . This period represents a continuum that prepares the pluripotent cells of the epiblast for differentiation into all of the cell types of the adult body. Little is known about the drivers of these transitions and the mechanisms by which these cells retain their developmental potential during this window. One of the primary driving forces of cell fate transitions is the sequencedependent binding of transcription factors (TFs) and the associated changes in gene expression. TF binding is regulated by DNA accessibility as determined by local chromatin structure. The mechanisms by which TFs regulate the precise developmental timing of gene expression during the pluripotent transition is not well understood.
Enhancers are the major DNA elements that regulate cell-specific gene expression (Bulger and Groudine, 2011; Calo and Wysocka, 2013; Shlyueva et al., 2014) . Therefore, to understand the mechanisms that regulate developmental timing of gene expression, it is essential to identify the underlying enhancers driving gene expression and the TFs that bind to and regulate the activity of these enhancers. Enhancers can be identified on a global scale by the coincidence of several histone marks including histone 3 lysine 4 monomethylation (H3K4me1), histone 3 lysine 27 acetylation (H3K27ac), and histone 3 lysine 27 trimethylation (H3K27me3) together with the histone acetyltransferase (HAT) P300 (Bulger and Groudine, 2011; Calo and Wysocka, 2013; Shlyueva et al., 2014) . Furthermore, the combination of these factors distinguishes multiple enhancer states including active, primed, and poised. Active enhancers have high levels of H3K4me1, H3K27ac, and P300 binding while primed enhancers have H3K4me1 alone. Poised enhancers consist of H3K4me1, H3K27me3, and P300 and are hypothesized to represent a class of enhancers that are not fully activated until H3K27me3 is removed (Creyghton et al., 2010; Rada-Iglesias et al., 2011) . Our ability to identify enhancers through these marks has led to an explosion in their discovery across many cell and tissue types. Current estimates predict that there are over a million enhancers in the mammalian genome (ENCODE Project Consortium, 2012) . However, our understanding of enhancer dynamics as well as the TFs that drive these changes has been limited to a small number of cell fate transitions (Hawkins et al., 2011; Wamstad et al., 2012; Whyte et al., 2012) .
Embryonic stem cells (ESCs), which are the in vitro counterpart to the early epiblast, provide a starting point from which we can begin to uncover the chromatin changes that occur during early mammalian development (Nichols and Smith, 2011) . ESCs can be differentiated into epiblast cells (EpiCs), which have molecular profiles similar to the late epiblast (Hayashi et al., 2011; Kojima et al., 2014) . These cells then go on to produce cells of all three germ layers (Bradley et al., 1984; Keller, 2005; Smith, 2001) . Recently described reporters that are distinctly expressed in these early cell states make it possible to follow the transition from ESCs to EpiCs at a resolution previously unachievable (Buecker et al., 2014; Parchem et al., 2014) .
Here we took advantage of one of these reporter systems to evaluate global enhancer transitions during the tightly controlled ESC to EpiC developmental window. Furthermore, we used the dynamic changes in enhancer states to identify TFs critical to this developmental transition. We uncovered FOXD3 as a major regulator of enhancers during the differentiation of ESCs. FOXD3 bound largely mutually exclusive sites in the ESCs and EpiCs. Its binding promoted nucleosome depletion at enhancers through recruitment of the chromatin remodeler BRG1, yet it prevented full enhancer acetylation and activation by recruitment of histone deacetylases (HDACs). Upon further differentiation, FOXD3 dissociated from the enhancers, allowing increased expression of associated genes. Thus, by acting simultaneously as an initiator and suppressor of bound enhancer sites, FOXD3 fine-tunes gene expression to ensure tight temporal regulation of developmental cell fate transitions.
RESULTS

Chromatin Is Highly Dynamic during the ESC to EpiC Transition, with Enhancers Transitioning between the Active and Primed States
In order to follow enhancer changes during early ESC differentiation, we took advantage of a recently developed reporter system that follows the transition from the ESC to the EpiC state (Parchem et al., 2014) . This reporter system uses fluorescent markers targeted to two miRNA loci, miR-290 (mCherry) and miR-302 (eGFP). In vivo, all cells express these two reporters consecutively-miR-290-mCherry at embryonic day 3.5 (e3.5), both reporters at e5.5, and miR-302-GFP alone at e7.5. These transitions can be recapitulated in vitro starting with ESCs grown in LIF and 2i (GSK and Mek inhibitors), which express mCherry alone (R for red). Removal of LIF and 2i under low-density conditions resulted in retention of mCherry alone for roughly 16 hr (dR for differentiating Red) before a near homogeneous expression of both reporters by 50 hr (dY for differentiating Yellow) followed by a less homogenous transition to GFP alone (dG for differentiating Green) and finally neither reporter (dB for differentiating Black) ( Figure 1A , Figure S1 ). The later two populations were sorted to increase homogeneity. Self-renewing epiblast stem cells (EpiSCs) have been described as an in vitro surrogate for epiblast cells (Chenoweth et al., 2010; Jouneau et al., 2012; Najm et al., 2011) . EpiSCs expressing only GFP were derived after multiple passages of differentiating ESCs grown in FGF and Activin (G for Green). Principal component analysis (PCA) on microarray data showed a smooth transition during the successive stages of differentiation ( Figure 1B ). In contrast, EpiSCs were a distinct population, sharing some, but not all, features of EpiCs, as has previously been described (Hayashi et al., 2011) . Going forward, we refer to R cells expressing only mCherry in LIF and 2i growth conditions as ESCs, and dY cells expressing mCherry and eGFP after 50 hr of LIF and 2i removal as EpiCs.
To characterize enhancers during early ESC differentiation, we performed Chromatin IP (ChIP)-seq for H3K4me1, H3K27ac, H3K27me3, H3K4me3, and P300 in the homogenous cell populations (ESCs, dR, EpiCs, and EpiSCs) (Table S1) . We also performed ChIP-seq for RNA Polymerase II (Pol2) to follow transcriptional activity. Klf4 and Fgf5 represent two genes whose expression is well characterized during this transition, with Klf4 being highly expressed in ESCs and Fgf5 being highly expressed in EpiCs (Lanner and Rossant, 2010; Marks et al., 2012) . The patterns of H3K4me3 and Pol2 deposition at the transcription start sites were as expected with an increase at Fgf5 and a decrease at Klf4 during the ESC to EpiC transition (Data S1). Fgf5 showed a gain of H3K27ac and redistribution of H3K4me1 at its promoter regions as well as a gain of both H3K4me1 and H3K27ac at three latent enhancers in ESCs that become active enhancers in EpiCs (Data S1). Klf4 showed an opposing pattern, with a mild reduction of the broad region of H3K4me1 spanning the gene and the loss of a single peak of H3K27ac in the promoter region (Data S1). H3K27me3 changed little in the regions surrounding both genes during the ESC to EpiC transition (Data S1). The major known HAT found at enhancer regions is the protein P300 (Calo and Wysocka, 2013; Shlyueva et al., 2014) . Even though H3K27ac was highly dynamic at both Fgf5 and Klf4, there was little change in the levels of bound P300 (Data S1). These findings confirm the validity of our in vitro differentiation system and show highly dynamic changes in H3K27ac, surprisingly in the absence of altered P300 binding.
FOXD3 Binding Motif Is Enriched at Sites of H3K27ac Changes
We used ChromHMM to evaluate the global distribution of the four enhancer marks, H3K4me1, H3K27ac, H3K27me3, and P300 binding (Ernst and Kellis, 2012) during the transition between ESCs and EpiCs. This uncovered six states consisting of different combinations of these marks ( Figure 1C , Table S1 ). States 1 and 2 were relatively devoid of the four marks tested. As expected, these two states made up the vast majority of the genome (Figures S2A and S2B) . State 3 showed an enrichment of H3K27me3 in a relative absence of the other marks, thus representing heterochromatin. State 4 contained a combination of enriched H3K27me3 and low levels of H2K27ac, P300, and H3K4me1, potentially reflecting a form of poised enhancers (Calo and Wysocka, 2013; Shlyueva et al., 2014) . This state was relatively rare except in EpiSCs (Figures S2A and S2B) . States 5 and 6 were of specific interest: both have P300 and H3K4me1, but state 6 also has high levels of H3K27ac. Therefore, states 5 and 6 are consistent with primed and active enhancers, respectively. Of note, H3K27ac changes occurred only at sites that maintained H3K4me1, in keeping with ordered events in histone changes at enhancers with H3K4me1 preceding and lingering after H3K27ac ( Figure 1D ). A majority of state 5 and 6 chromatin was in intronic and intergenic regions as expected for enhancers ( Figure S2C ). Interestingly, while H3K27ac binding and P300 levels correlated at these sites, H3K27ac changes between states were far more dynamic than P300 ( Figure S2D ).
The dynamic and interchangeable nature of states 5 and 6 suggested an important functional role for these enhancers in regulating cell-specific gene expression between the ESC and EpiC fates. To identify potential regulating TFs, we performed a de novo motif search within the nucleosome-depleted regions of these enhancer sites (Wamstad et al., 2012) . The nucleosome-depleted regions were identified as a ''dip'' in the ChIPseq signal at the center of the H3K27ac peaks ( Figure 1E , Table  S1 ). Focusing on the transitions between ESCs, dR, EpiCs, and EpiSCs, the RSAT and HOMER peak finding algorithms uncovered a number of recognizable TF binding motifs (Table S2 ) (Nagy et al., 2013; Thomas-Chollier et al., 2011) . Of particular note, a Forkhead (FKH) binding motif was among the top five enriched motifs for all six possible transitions ( Figure 1F and Table  S2 ). FOXD3, a FKH TF previously found to be essential for ESC self-renewal, was particularly striking as its binding motif showed the strongest enrichment in four of the six transitions (Table S2, Figure 1F ) (Hanna et al., 2002; Liu and Labosky, 2008) . Therefore, we focused our attention on FOXD3. . Array data can be found at GEO: GSE54341 (Parchem et al., 2014) . (C) Heatmap of six states of chromatin determined by ChromHMM using H3K4me1, H3K27ac, H3K27me3, and P300 ChIP-seq data in R, dR, dY, and G cells. States 1-3 represent the majority of the genome and show a general lack of these markers (percentages of genome in states 1 and 2 are shown in pie chart in Figure S4 ). State 3 shows increased H3K27me3 consistent with heterochromatin. State 4 similarly shows increased H3K27me3, but also detectable levels of H3K4me1. States 5 and 6 show low H3K27me3 and increased H3K4me1. State 5 shows low levels of H3K27ac, while state 6 shows elevated H3K27ac. Intensity of blue indicates average ChIP-seq signal for each modification in each state.
(D) Genome-wide transitions from states 5 and 6 to all states 1-6. x axis shows the two starting states 5 and 6, and the bar graphs represent the distribution of the end states (1-6) for the matching regions following transition between ESC and EpiC.
(E) Metagene analysis of H3K27ac levels centered around enhancers that transition from state 5 (''primed'') to state 6 (''active'') (left), or vice versa (right). Enhancers were defined by the identification of nucleosome-depleted regions in state 6 chromatin as determined by an adapted algorithm (Wamstad et al., 2012 ) (see Experimental Procedures). Metagene analysis for a 750 bp region surrounding the defined enhancer is shown, with a moving window average of 500 bp windows and 100 bp steps.
(F) RSAT (regulatory sequence analysis tool) was used to identify enriched motifs within nucleosome-depleted regions of identified enhancers that transition between primed and active during ESC to EpiC differentiation (Thomas-Chollier et al., 2011) . Shown is the most commonly identified motif found in all transitions between poised and active enhancers, which significantly overlaps with the JASPAR motif for FOXD3 (overlap underlined in red). Significance and enrichment of overlap with FOXD3 and other uncovered TF binding are shown in Table S2 .
FOXD3 Localizes to Distinct Regions of Chromatin during the ESC to EpiC Transition preceding Maximum Expression of Proximal Genes
FOXD3 is a known regulator of pluripotency both in vitro and in vivo (Hanna et al., 2002) . Furthermore, Foxd3 KO mouse ESCs have a self-renewal defect and show aberrant expression of a large number of genes (Liu and Labosky, 2008; Plank et al., 2014) . Foxd3 is expressed at approximately equal levels in ESCs and EpiCs ( Figure S3A ). In order to determine the genomic localization of FOXD3 in ESCs and EpiCs, we knocked in a 3X-FLAG tag at the C-terminal end of the endogenous Foxd3 locus (Figure S3B ). The tagged protein was expressed and nuclear as expected ( Figures S3C and S3D ). Despite ESCs and EpiCs being highly related pluripotent cell types, ChIP-seq for FOXD3-3X-FLAG revealed that FOXD3 bound largely mutually exclusive sites in ESCs (7,000 sites) and EpiCs (8,387 sites), with only a small number (1,650) of overlapping loci (Figures 2A and S3E  and Table S2 ). De novo motif finding and FIMO analysis with the FOXD3 position weight matrix (PWM) confirmed highly significant enrichment for the FKH binding motifs at these sites (Figures 3A and 3B, Table S2 , Data S2, and Data S3). These results suggested that FOXD3 regulates different genes in ESCs and EpiCs by binding the same motif, but at distinct sites in the genome in the two cell states. in both ESCs and EpiCs. Peaks were re-characterized as ESC-specific (red), EpiC-specific (yellow), and common peaks (black) based on their distance from the x = y diagonal (threshold set at ± 0.1) to obtain highconfidence specific peaks (q < 0.01). ESC only peaks = 5,350. EpiC only peaks = 6,737. In ESCs, FOXD3 peaks were in proximity to genes that are expressed at levels greater than average genome-wide expression, but whose expression increased further upon differentiation to EpiCs before reaching a plateau in the later stages ( Figures 2B-2D ). These genes were enriched for gene ontology categories consistent with the high rate of cellular metabolism associated with the rapid proliferation of epiblast cells in vivo ( Figure 2E , Table S2 ) (Snow, 1977) . In contrast, FOXD3 peaks in EpiCs were in proximity to genes that were expressed to a lesser extent in ESCs, showed increased expression in the transition from ESC to EpiC, and increased even further with the transition to dG and dB ( Figures 2B-2D , Table S2 ). EpiC-specific peaks were enriched for a number of categories associated with gastrulation and organogenesis, representing genes that need to be expressed shortly after the epiblast stage ( Figure 2F ). This trend was consistent across a majority of the genes in the respective transitions ( Figures 2C and 2D) . Together, these findings show that FOXD3 relocalizes during the ESC to EpiC transition and is bound near functionally distinct genes in these two cell states, preceding their maximal expression.
FOXD3 Precedes Binding of Other Regulatory TFs
Sequence analysis around the FOXD3-bound sites uncovered a number of motifs that were distinct between ESCs and EpiCs ( Figures 3A and 3B ). ESC-specific FOXD3 sites were enriched for motifs for housekeeping and pluripotency factors Table S2 ).
(B) Same as (A) but for FOXD3 peaks in EpiCs (full data in Table S2 ).
(C) Average expression of TFs whose motifs were found to be neighboring FOXD3 in either ESCs or EpiCs. For motifs with multiple potential binding TFs, an average of all family members was used. The red line is for TFs to motifs associated with FOXD3 sites in ESCs and the yellow line is for TFs to motifs associated with Foxd3 sites in EpiCs.
(D) Scatterplot of RPM in ESCs versus EpiCs at all OCT4 peaks. ESC-specific OCT4 peaks are in red, EpiC-specific peaks are in yellow, and common peaks are in black. Similar to FOXD3, OCT4 shows very distinct binding sites in ESCs and EpiCs, even though sites are distinct from FOXD3. Peaks were identified similarly to FOXD3 peaks in Figure 3A .
(E) Scatterplots of RPM for peaks of OCT4 (y axis) versus RPM for peaks of FOXD3 (x axis) in ESCs. ESC-specific FOXD3 peaks are in red, EpiC-specific peaks are in yellow, and common peaks are in black. such as E2F1 and POU5F1/OCT4, respectively. In contrast, EpiC-specific sites were enriched for motifs for a number of developmental regulators including HNF, ZFX, and HOX. Therefore, FOXD3 appears to move from sites generally important in pluripotent stem cells to sites associated with developmental processes. Interestingly, the average expression of the TFs predicted to bind the uncovered motifs in ESCs and EpiCs followed distinct patterns. Expression of TFs predicted to bind motifs enriched at ESC sites remained high with differentiation to dR but then decreased as cells transitioned to the EpiC state, while those at EpiC sites increased with differentiation even beyond the EpiC state ( Figure 3C ). An enrichment of the POU5F1/OCT4 motif in ESC-specific FOXD3 binding sites was especially intriguing as recent work by Wysocka and colleagues showed that OCT4, like FOXD3, relocalizes during early ESC differentiation (Buecker et al., 2014) . This link prompted the question of whether FOXD3 and OCT4 colocalize during the ESC to EpiC transition. Therefore, we performed ChIP-seq for OCT4 in ESCs, dR, and EpiCs (Table S1 ). As previously shown, OCT4 relocalized during the ESC to EpiC transition ( Figure 3D , Table S3 ). However, there was no correlation between FOXD3-bound and OCT4-bound sites in ESCs or EpiCs (Figures 3E-3H ). To determine the basis for enrichment of the OCT4 motif at ESC-specific FOXD3 sites, we evaluated OCT4 binding at these sites in ESCs, dR, and EpiCs. Surprisingly, OCT4 binding at the ESC FOXD3 bound sites was associated with differentiation to dR and EpiCs ( Figure 3I ), suggesting that OCT4 follows FOXD3 binding. Analysis of individual loci confirmed this order of events (Data S4). Therefore, FOXD3 precedes the binding of other key regulatory factors such as OCT4, consistent with binding of FOXD3 preparing the chromatin for binding of other TFs as cells transition.
FOXD3 Binding Initiates Cell-State-Specific Enhancers by Promoting Nucleosome Removal
To ask whether the binding of FOXD3 activates enhancers in the two pluripotent cell types, we analyzed recently published FAIRE-seq data in ESCs and EpiCs (Buecker et al., 2014) . Sites bound by FOXD3 in ESCs also had FAIRE-seq peaks in both ESCs and EpiCs, consistent with nucleosome depletion in both states ( Figure S4A ). Conversely, sites bound by FOXD3 in EpiCs showed a much higher FAIRE-seq peak in EpiCs, consistent with removal of nucleosomes from these sites as cells transitioned to the EpiC state ( Figure S4A ). Similar to the FAIRE-seq data, DNaseI hypersensitivity (HS)-seq showed increased chromatin accessibility at FOXD3 ESC sites relative to EpiC sites in ESCs ( Figure S4B ) (Stamatoyannopoulos et al., 2012) . Furthermore, high-resolution micrococcal nuclease (MNase)-ChIP-seq for H3K4me1 in ESCs and EpiCs showed both increased H3K4me1 and formation of a dip with binding of FOXD3 ( Figures  4A and 4B) . Together, these data show a strong association between FOXD3 binding and nucleosome removal.
To determine whether FOXD3 is required for nucleosomal removal at these enhancers, we used a conditional KO model and a Tamoxifen-inducible cre recombinase driven off a ubiquitous promoter (Mundell and Labosky, 2011) . Addition of Tamoxifen resulted in loss of FOXD3 protein within 24-48 hr ( Figure S3F ). We devised a strategy to knock out FOXD3 in both self-renewing and differentiating ESCs (see Figure S3G and Experimental Procedures). Of important note, the later condition, which includes the addition of Tamoxifen 16 hr after initiation of differentiation, resulted in diminishing levels of FOXD3 during, rather than before, differentiation into EpiCs. ChIP-seq and MNase-ChIP-seq for H3K4me1 in KO ESCs and EpiCs were compared to that of corresponding WT cells. Surprisingly, the loss of FOXD3 had little effect on H3K4me1 at any FOXD3 sites in either cell state ( Figures 4C-4F , S4C, and S4D). Furthermore, it had no effect on the size of the dip at the FOXD3 ESC sites in either cell state ( Figures 4C-4D and  S4C ). However, there was a partial, yet significant decrease in the dip at EpiC sites when FOXD3 was removed during differentiation, suggesting that FOXD3 is needed for the establishment of nucleosome-depleted regions ( Figures 4F and S4D) . The remaining dip may be due to residual FOXD3, especially during the early stages of differentiation. Therefore, we repeated this experiment with the addition of Tamoxifen 32 hr earlier so FOXD3 protein would be gone sooner during differentiation. The earlier deletion of Foxd3 led to an almost complete loss of the dip, once again with no change in H3K4me1 levels ( Figure 4F ). MNase-qPCR across an ESC and an EpiC FOXD3 binding site validated that the dips represented changes in nucleosome occupancy and not the less likely scenario of a very focal loss of methylation of H3K4 within an otherwise strong H3K4me1 peak ( Figures 4G  and 4H ). Together, these data show that FOXD3 initiates enhancer activity by removing nucleosomes at sites of H3K4me1, and it does so at new enhancer sites as the cells transition from ESCs to EpiCs, priming them for future activation.
FOXD3 Suppresses Enhancer Activity by Inhibiting Acetylation
FOXD3's role in nucleosome depletion and association with H3K4me1 suggested a role for FOXD3 in promoting enhancer activation and thus neighboring gene activation. Indeed, FOXD3 binding at EpiC sites during differentiation was associated with increased gene expression. However, expression of these genes increased further as FOXD3 was lost both at ESC and EpiC sites ( Figures 2B-2D) . Also, the recruitment of FOXD3 to EpiC sites was not associated with increased H3K27ac, a mark of enhancer activation ( Figure S4E ). Therefore, we asked how FOXD3 may be influencing histone acetylation. We removed Foxd3 in ESCs and 16 hr into differentiation toward EpiCs as described ( Figure S3G ). In the later condition, FOXD3 would still have the opportunity to bind and initiate many of the EpiC enhancers prior to its loss (see Figure 4F , green line). ChIP-seq under these conditions showed a significant increase in H3K27ac in both ESCs and EpiCs at corresponding FOXD3 sites with FOXD3 loss (Figures 5A-5D ). In contrast, there was no increase in H3K27ac at FOXD3 EpiC sites in the context of ESCs, sites where FOXD3 had yet to bind ( Figure S4E ). These data suggest that once FOXD3 binds, it actively maintains a locally H3K27 hypoacetylated state, which in turn represses neighboring gene activation.
Expression microarray analysis on WT and Foxd3 KO cells under these conditions showed hundreds of genes upregulated and downregulated, representing both direct and indirect effects of FOXD3 regulation. These genes were largely non-overlapping between the ESCs and EpiCs (Figures 5E and 5F ). Gene ontology showed an enrichment for cellular metabolism in ESCs and development processes in EpiCs, reiterating the distinct biological processes regulated by FOXD3 in these two cell types ( Figure 5G ). Importantly, genes that are proximal to FOXD3 binding sites, and thus likely directly regulated by FOXD3, showed a strong bias toward increased expression upon FOXD3 loss (Figures 5H and 5I ). These same genes normally increase in expression at a subsequent stage in differentiation ( Figures 5H and 5I  insets) . Therefore, FOXD3 maintenance of a hypoacetylated state maintains transcriptional repression of neighboring genes, thereby tightly regulating the timing of their expression.
FOXD3 Directly Recruits the Nucleosome Remodeler BRG1 to Enhancers
To determine whether FOXD3 directly regulates both initiation and suppression of enhancer activity, we asked whether FOXD3 simultaneously recruits enzymes that could produce both outcomes. First we asked if FOXD3 is associated with BRG1, a key component of the SWI/SNF nucleosome remodeling complex. This complex removes nucleosomes in an ATPdependent fashion and plays a critical role in ESC self-renewal and differentiation (Ho et al., 2009; Takebayashi et al., 2013) . Immunoprecipitation (IP) of FOXD3 showed a physical interaction with BRG1 ( Figure 6A ). Furthermore, analysis of published expression changes in Brg1 KO relative to Foxd3 KO ESCs showed a significant overlap that was further increased when we focused on genes next to FOXD3-bound enhancers (Figure 6B) (Takebayashi et al., 2013) .
We next asked whether depletion of FOXD3 affects recruitment of BRG1 to chromatin. We performed ChIP-seq for BRG1 in WT and Foxd3 KO ESCs and EpiCs, and determined occupancy at ESC and EpiC FOXD3 binding sites. In ESCs, BRG1 was bound at FOXD3 ESC sites, but KO of Foxd3 had no effect on BRG1 binding ( Figures 6C and 6E) . With differentiation to EpiCs, the ESC sites acquired additional BRG1, consistent with the increase in gene expression of the cognate genes (Figure 6D ). However, with differentiation, BRG1 was recruited along with FOXD3 to the FOXD3 EpiC sites, and the deletion of Foxd3 led to a significant loss of BRG1 binding ( Figures 6E and 6F , Data S5). These results were verified at six ESC sites and six EpiC sites using ChIP-qPCR ( Figure S5C ). Together, these findings show that FOXD3 recruits, but is not required for the maintenance of, BRG1 at enhancers.
FOXD3 Also Recruits and Maintains HDAC1/2 at Enhancers Next, we asked whether FOXD3 is also directly regulating histone acetylation. Histone acetylation is regulated by a balance of the activities of the acetyltransferases and deacetylases. H3K27ac is primarily catalyzed by the acetyltransferase P300 (Creyghton et al., 2010; Hamed et al., 2013; Pasini et al., 2010; Francetic et al., 2012; Rada-Iglesias et al., 2011 ), but we observed that KO of Foxd3 slightly reduced the levels of P300 in ESCs and had no effect in EpiCs, suggesting that the increased acetylation could not be explained by P300 levels ( Figure S5B ). Therefore, we hypothesized that FOXD3 recruits HDACs to counteract HAT activity. HDACs1-3 regulate H3K27ac and have been shown to play important roles in early development and ESC differentiation (Haberland et al., 2009) . IP of FOXD3 showed that FOXD3 protein interacts with HDAC1/2, but not HDAC3, in both ESCs and EpiCs cells ( Figure 6G) . As was the case with Brg1, evaluation of published expression data for HDAC1/2 double KO ESCs showed significant overlap in expression changes with Foxd3 KO cells, which was further enriched when considering only genes neighboring the FOXD3 enhancers ( Figure 6H ) (Jamaladdin et al., 2014).
ChIP-seq for HDAC1 in WT and Foxd3 KO ESCs and EpiCs showed that HDAC1 colocalized with FOXD3 and deletion of Foxd3 led to loss of HDAC1 at these sites ( Figures 6I-6L , Data S5). ChIP-qPCR at the same six ESC and six EpiC enhancers done for BRG1 validated these results and extended them to HDAC2, which is commonly found in a complex with HDAC1 (Lai and Wade, 2011; Jamaladdin et al., 2014) (Figures S5D  and S5E ). Consistent with a role for FOXD3 in recruiting as well as maintaining HDAC1 at the FOXD3-bound enhancer sites, HDAC1 was not found at the EpiC enhancers prior to FOXD3 binding (compare Figure 6K to 6L). Interestingly, though, HDAC1 did remain following the departure of FOXD3 at a subset of the ESC sites (compare Figure 6I to 6J). Indeed, these sites could be divided into two subsets. At one subset HDAC1 departed along with FOXD3 ( Figure 6I and 6J, group 1, top brackets on heatmaps). At the other subset, HDAC1 remained and became FOXD3 independent ( Figure 6I and 6J, group 2, bottom brackets). Consistent with these differences, genes associated with HDAC departure showed a much greater increase in expression than genes where HDAC remained. (Figure 6J , right panel). Thus, FOXD3 primes genes that can then be either activated or repressed depending on future molecular signals.
FOXD3 Can Simultaneously Recruit BRG1 and HDACs to Individual Enhancer Sites
To confirm that BRG1 and HDACs were simultaneously recruited to FOXD3-bound sites, different combinations of IP-western blot and sequential ChIP were performed. Co-IP showed that BRG1 and HDAC1 interacted with each other as well as FOXD3 (Figure 7A) . Furthermore, sequential ChIP for HDAC1 and BRG1 in ESCs confirmed the simultaneous presence of both enzymes at four FOXD3 ESC binding sites, but not two EpiC site controls ( Figure 7B ). Finally, sequential IP for FOXD3 followed by IP for BRG1 and then western blot for all three proteins showed that FOXD3, BRG1, and HDAC1 can be found in a single complex ( Figure S6B ). These findings confirm that FOXD3 can recruit both BRG1 and HDACs to the same locus, establishing an open enhancer whose activity is simultaneously attenuated by suppression of H3K27ac ( Figure 7C ).
DISCUSSION
The data presented here uncover a role for the TF FOXD3 as both an initiator and a suppressor of enhancer function in pluripotent Figure 7C ). Together, this dual function primes enhancers not for immediate, but rather future, tissue-specific expression of neighboring genes. FOXD3 is a member of the FKH family of proteins, a group of highly conserved TFs that contain a wing-helix DNA binding domain conferring the potential to bind nucleosome-occluded DNA (Benayoun et al., 2011; Lalmansingh et al., 2012; Lam et al., 2013) . Thus FKH family members have been described as pioneer TFs (Lupien et al., 2008; Sekiya et al., 2009; Shim et al., 1998; Xu et al., 2009 ). Similar to FOXD3, the FKH TF FOXA2 displaces nucleosomes in conjunction with chromatin remodeling factors during ESC differentiation . However, none of these factors have previously been shown to simultaneously recruit BRG1 and HDACs.
Our studies were initiated by genome-wide analysis of enhancer marks during the ESC to EpiC transition. One of the most striking events uncovered in this analysis was a dramatic shift in H3K27ac with little change in H3K4me1 (states 5 and 6, Figure 1C) . This is consistent with a number of reports showing that transitioning between primed and active enhancers is a predominant gene regulatory mechanism in early development (Buecker et al., 2014; McKay et al., 2014) . The highly dynamic nature of FOXD3 binding itself was quite surprising. A recent study showed that the central pluripotency factor OCT4 also moved to distinct enhancer sites during the ESC to EpiC transition (Buecker et al., 2014) . CTCF and OTX2 binding correlated with the distinct binding patterns of OCT4 in ESCs and EpiCs, respectively. In contrast, we found no correlation of the FOXD3 movements with OCT4 movements. Furthermore, we found no enrichment of the OTX2 motif at the FOXD3 sites in EpiCs. Interestingly, though, ESC-specific FOXD3 sites showed a slight enrichment for the OCT4 motif. However, OCT4 bound these sites in the EpiC state. Therefore, FOXD3 precedes rather than colocalizes with OCT4, and it is likely to precede the binding of numerous other pluripotency and developmental TFs during this cell state transition.
Following FOXD3 binding and priming of enhancers, there are appears to be two alternative paths that can be taken with FOXD3 departure (Figure 7C) . At a subset of enhancers, HDACs depart, flanking histones show increased H3K27ac, and neighboring genes become activated. In a second set, HDAC remains and the neighboring gene remains suppressed. This decision is likely driven by the subsequent recruitment of additional TFs that replace FOXD3 at these sites with transcriptional activators promoting HDAC exit or transcriptional repressors retaining HDACs ( Figure 7C ). Such a mechanism has been proposed for two enhancer targets of FOXD3 in different settings-an Albumin enhancer during hepatocyte specification and a Vpreb enhancer in pre-B cell specification (Liber et al., 2010; Xu et al., 2007 Xu et al., , 2009 . Our data are consistent with and potentially broaden this model to many TFs.
Here, we focus on the role of FOXD3 in pluripotent stem cells, extending from ESCs to EpiCs. Consistent with a critical role for FOXD3 in this stage of development, KO embryos arrest prior to gastrulation (Hanna et al., 2002) . Furthermore, Foxd3 KO mouse ESCs have a self-renewal defect and show aberrant expression of a large number of genes (Liu and Labosky, 2008; Plank et al., 2014 ; and this study). Interestingly, both overexpression and knockdown of FOXD3 in human ESC causes premature differentiation, with the former skewing cells toward paraxial mesoderm and the latter skewing cells toward mesendoderm (Arduini and Brivanlou, 2012) . Thus, FOXD3 levels must be tightly regulated for normal development, likely limiting the number of target sites that FOXD3 binds in a specific cell context. Of note, FOXD3 regulates specification of neural crest cells and is expressed in both the precursor and specified states, akin to its role during the ESC to EpiC transition (Chang and Kessler, 2010; Hochgreb-Hä gele and Bronner, 2013; Nitzan et al., 2013; Teng et al., 2008; Thomas and Erickson, 2009; Wang et al., 2011) . It will be important to determine whether the FOXD3 bound sites are analogously bound at distinct sites in the neural crest precursor and specified states. Interestingly, recent work in melanoma, which arises from a neural crest derivative, showed that gene regulation by FOXD3 is responsible for the acquisition of drug resistance (Abel et al., 2013; Basile et al., 2012) .
The dual role described here is unlikely to be unique to FOXD3, but instead common to other TFs, especially those with important roles in stem and progenitor cells where future expression programs need to be poised for activation with further differentiation. Interestingly, the NuRD complex contains both HDAC and chromatin remodeling activity (Denslow and Wade, 2007; Hu and Wade, 2012; Wong et al., 1998) . Furthermore, NuRD and BRG1 physically interact and depletion of BRG1 leads to loss of NuRD chromatin localization. However, the association of NuRD and BRG1 had not been previously linked to a sequence-specific binding factor, but rather, a chromatin mark (Yildirim et al., 2011) . In addition to normal development, dual-function TFs are likely to be important players in disease, especially when the differentiation state of a cell is altered as it is in cancer, such as FOXD3 in melanoma. Therefore, the identification of these TFs should greatly advance our understanding of how cells retain specific developmental potentials and how they can be harnessed to manipulate cell fate transitions in development and disease.
EXPERIMENTAL PROCEDURES
Cell Lines and Cell Culture All ESCs were maintained in Knockout DMEM (Invitrogen) supplemented with 15% FBS, LIF, and 2i (PD0325901 and CHIR99021), and differentiations were performed in the absence of LIF and 2i. A detailed protocol is available in the Supplemental Information.
IP and ChIP IP, ChIP, sequential ChIP, and sequential IP were performed as per standard protocols, with 5 to 10 million cells per experiment for ChIP, 30 million cells for IP, 100 million cells for sequential ChIP, and 2 billion cells for sequential IP. For ChIP, sequential ChIP, and sequential IP, the chromatin was crosslinked. All IPs were incubated overnight. A detailed protocol is available in the Supplemental Information.
ChIP-Seq
ChIP-seq libraries were made as per the Tru-Seq Illumina protocol with minor modifications. Samples were run on the Illumina HiSeq 2500. A detailed protocol is available in the Supplemental Information. All sequencing data can be found at GEO: GSE58408.
MNase-qPCR
This assay was adapted from a previously published protocol (Krishnakumar and Kraus, 2010) . A detailed protocol is available in the Supplemental Information.
ChIP-Seq Data Analysis
Fastq files were mapped to mm10 using Bowtie 2. All samples were deduplicated to eliminate PCR bias. ChromHMM was used to identify chromatin states (Ernst and Kellis, 2012) . To find nucleosome-depleted regions, the H3K27ac data was used as described previously (Wamstad et al., 2012) . Two programs were used for motif finding, RSAT-tool and HOMER, both with default settings (Heinz et al., 2010; Thomas-Chollier et al., 2011) . MACSv1.4 was used for FOXD3 and OCT4 peak finding . A detailed protocol is available in the Supplemental Information.
Microarray Analysis
Total RNA was prepared from WT and FOXD3 KO (1mM Tamoxifen for 36 hr) using the standard Trizol protocol, reverse-transcribed, and hybridized to the Illumina Mouse Ref 8 v 2.0 Beadchip. More details on protocol and data analysis are available in the Supplemental Information. All array data can be found at GEO: GSE58408.
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